ABSTRACT: The storm sequence of the 2013-14 winter left many beaches along the Atlantic coast of Europe in their most eroded state for decades. Understanding how beaches recover from such extreme events is essential for coastal managers, especially in light of potential regional increases in storminess due to climate change. Here we analyse a unique dataset of decadal beach morphological changes along the west coast of Europe to investigate the post-2013-14 winter recovery. We show that the recovery signature is site specific and multi-annual, with one studied beach fully recovered after 2 years, and the others only partially recovered after 4 years. During the recovery phase, winter waves primarily control the timescales of beach recovery, as energetic winter conditions stall the recovery process whereas moderate winter conditions accelerate it. This inter-annual variability is well correlated with climate indices. On exposed beaches, an equilibrium model showed significant skill in reproducing the post-storm recovery and thus can be used to investigate the recovery process in more detail.
Introduction
Sand and gravel beaches may undergo dramatic erosion and recession during sequences of extreme storm wave events (Ferreira, 2006) , leaving them in a state of morphological disequilibrium. A phase of 'recovery' towards pre-storm sediment volume is then a natural morphodynamic response to this depleted state (Brenner et al., 2018) . Because the rates of recovery depend on the magnitude of the storm-induced changes, the subsequent hydrodynamic conditions, sediment availability and geological setting, predicting the time until full recovery is achieved (if ever) is challenging. The current predictions of climate change indicate an acceleration of sea-level rise (Cazenave and Cozannet, 2014 ) and a poleward shift of mid-latitude storms (Tamarin and Kaspi, 2017) , which will likely increase extreme water levels (Vousdoukas et al., 2018) and winter wave intensity in several regions of the world, particularly in the Southern Hemisphere (Semedo et al., 2013) . Hence addressing the timescales of beach recovery to extreme storm winters, such as the 2013-14 winter, can provide a measure of coastal resilience in a changing climate.
Beach recovery from severe storms has been shown to spread over years to decades (Castelle et al., 2017a; Houser and Hamilton, 2009; Morton et al., 1994) . Since beach morphodynamics are often characterized by a significant seasonal signal (Aubrey, 1979; Davidson and Turner, 2009; Masselink and Pattiaratchi, 2001) , the long-term recovery signature is often hard to detect within the shorter-term fluctuations (Thom and Hall, 1991; Stéphan et al., 2015) . Therefore, high-frequency monitoring of beach morphology over long time periods is crucial to understanding better storm recovery (Turner et al., 2016) . Unfortunately, such monitoring programmes are scarce, and the few available datasets have been used mostly to characterize extreme storm responses (Scott et al., 2016; Barnard et al., 2017) , investigate the parameters controlling beach morphological changes (Yates et al., 2011) and develop semi-empirical equilibrium models able to reproduce these morphological changes (Davidson and Turner, 2009; Yates et al., 2009; Splinter et al., 2014) . However, ongoing field monitoring programmes in France and the UK have recently shed some lights on the key mechanisms involved during post-storm recovery (Scott et al., 2016; Castelle et al., 2017a; Burvingt et al., 2018) . Scott et al. (2016) investigated the morphological changes at three contrasting sites in southwest England during the 2 years that followed the extreme 2013-14 winter. They found that the recovery mechanisms and timescales were highly dependent on the site characteristics, and that high-energy wave events were essential for the recovery of sediments. Burvingt et al. (2018) found that for a number of very similar beaches in southwest England recovery from the 2013-14 storm was regionally coherent, multi-annual (>3 years) and mainly controlled by winter-wave conditions. Castelle et al. (2017a) investigated how the beach-dune system of an exposed site in southwest France recovered from winter 2013-14 and found that only after 1.5 years the beach-dune system almost fully recovered to its pre-winter volume. These site-specific recovery rates highlight the need to conduct studies at broader scales, including different beaches, in order to investigate the key parameters that control the recovery timescales.
During the 2013-14 winter, a highly unusual sequence of extratropical storms crossed the Northeast Atlantic region. That winter was the most energetic winter along the Atlantic coast of Europe since at least 1948 (Masselink et al., 2016a) , and most of the western European coastline was severely impacted (Castelle et al., 2015; Blaise et al., 2015; Masselink et al., 2016b; Autret et al., 2016) . Although winter waves are known to be well correlated with the North Atlantic Oscillation (NAO) index at high latitudes (Bacon and Carter, 1993; Dodet et al., 2010; Bromirski and Cayan, 2015) , this exceptional winter was not associated with a particularly high NAO. Castelle et al. (2017b) computed a new climate index based on the sea-level pressure gradient between Ireland and the Canary Islands: the Western Europe Pressure Anomaly (WEPA). They showed that the 2013-14 winter was associated with the highest WEPA over 1948-2016, which reflects an intensified and southward shift of the sea-level pressure difference between the Icelandic low and the Azores high, driving severe storms that funnel high-energy waves toward western Europe southward of 52°N. This high WEPA was linked to a recent increase in inter-annual variability, which was also observed in the winter-wave variability along western Europe .
In this paper we investigate the post-2013-14 winter recovery of five beaches along the west coast of Europe; these are the same beaches for which the 2013-14 storm response was reported in Masselink et al. (2016a) . Our objectives are threefold: (1) to obtain insight into the timescale of recovery for this extreme event for the different locations; (2) to explain the difference in observed recovery timescales by identifying the key factors involved; and (3) to determine the extent to which extreme erosion and recovery processes can be modelled using present equilibrium models.
Methods

Wave modelling
Two wave model hindcasts were used in this study. First, a large-scale and low-resolution model was used to characterize the wave climate in the Northeast Atlantic, and more particularly the north-south differences in the wave forcing along the west coast of Europe. For this purpose, the spectral wave model WAVEWATCH III V4.18 (WW3; Tolman, 2014) was implemented on a 0.5°resolution grid covering the North Atlantic Ocean and forced with the 6-hourly wind fields of the NCEP/NCAR Global Reanalysis Project (Kalnay et al., 1996) from January 1948 to December 2017. Time series of significant wave heights (H s ) were extracted at three deep-water locations (shown in Figure 1 ): northwest of Ireland (10.0°W; 56.0°N), in the Bay of Biscay (7.0°W; 47.0°N) and west of Portugal (11.0°W; 40.0°N). Details of the model set-up and validation of the simulations with wave buoy observations can be found in Masselink et al. (2016a) . Second, a smaller-scale, high-resolution model was used to simulate the wave conditions close to the breaking point at each study site. Indeed, the offshore wave conditions simulated with the 0.5°model were not necessarily representative of nearshore wave conditions at some of the sheltered study locations. For this purpose we used a WW3 hindcast implemented on an unstructured grid with a resolution increasing from 10 km offshore to 200 m in the coastal region extending from north of Spain to south of Ireland (Boudière et al., 2013) . This model has been extensively validated with directional buoys and satellite altimeters and showed excellent skill, with correlation coefficients of more than 0.94 and root mean square errors less than 0.2 m for the whole set of validation points (Boudière et al., 2013; Ardhuin et al., 2012) . Model outputs were extracted for each study site at a distance less than 6 km from the coast, in water depths of 20-35 m. Seasonal means were computed for the winter (DJFM) and for the spring-summer-autumn (AMJJASON).
Study sites and beach volumes
Five beaches along the Atlantic coast of Europe were surveyed on a monthly basis for more than 10 years. This dataset represents one of the most complete series of beach profiles in western Europe. The location of the study beaches is shown in Figure 1 , and the morphological characteristics of the study sites are given in Table I . Additional information on the survey methods can be found in Masselink et al. (2016a) . Since Slapton Sands displayed a strong alongshore variability in beach profile evolution, two representative beach profiles were analysed separately, corresponding to the middle (SP10) and northern end (SP18) of the beach.
The extension of this dataset to November 2017 was used to investigate the morphological recovery of the beaches 4 years after the exceptional 2013-14 winter. For this purpose, the beach volume above mean sea level (V ) was computed for each site, with no upper limit set except at Perranporth, where data were not collected for elevations higher than 3 m above mean sea level. Beach volume V , which therefore includes the dune system at Vougot, Porsmilin and Truc Vert, was assumed to provide an accurate and integrated measure of the beach system change (see left-hand panels of Figure 4 in Masselink et al., 2016a) . Note that the upper beach of Porsmilin is topped by an artificial embankment that culminates at 6.2 m above mean sea level. Then, the beach volume changes (jdV j) were divided into four components: (1) beach volume change caused by the long-term trend computed over the period prior to the 2013-14 winter; (2) seasonal signal, computed from the detrended signal as the average annual difference between the maximum and minimum beach volume ( , and time series of raw (grey line), 3-month filtered (black line), winter mean (blue diamond) and spring-summer-autumn mean (red triangles) significant wave height at the virtual buoys 1, 2 and 3 (bottom three panels). The dashed rectangle indicates the 2013-14 winter and the 4-year recovery period that followed. Squared correlation coefficients (R 2 ) between winter mean H s and NAO and WEPA indices are provided for each virtual buoy. [Colour figure can be viewed at wileyonlinelibrary.com] puted over the time period prior to the 2013-14 winter to ensure these signals were not affected by the 2013-14 winter storm response. Rates of beach volume changes (dV /dt) were computed for the winter and spring-summer-autumn from the observations closest in time to 1 December and 1 April. When no observations were available within 2 weeks before or after these dates, the corresponding dV =dt was not computed. In the remainder of the paper, the percentage of recovery is computed as the beach volume change associated with the post-storm recovery relative to the beach volume change associated with the 2013-14 winter response, as defined above (components 3 and 4).
Beach equilibrium modelling
To assess whether an equilibrium-based model can be used to forecast beach recovery to an extreme storm event, the ShoreFor model (Davidson et al., 2013) was applied. This semi-empirical model predicts beachface erosion when the wave conditions are more energetic than the equilibrium conditions (computed as a weighted average of past wave conditions) and vice versa, and the magnitude of change is proportional to the incident wave power and degree of disequilibrium. The model has two free parameters that require calibration: a disequilibrium term and a linear trend term. The linear trend term crudely accounts for all processes other than wave-driven cross-shore transport, including longshore sediment transport processes. The reader is referred to Davidson et al. (2013) for a full description of the model. For all sites, the model was calibrated with the period of observations prior to the 2013-14 winter, and validated during the remaining period, which includes the 2013-14 winter storm response and the subsequent 4-year recovery period. The model skill was assessed with the correlation coefficient (R) between observed (x) and simulated (x m ) beach volumes, the root mean square error (RMSE), and the RMSE normalized by the observed variance prior to the 2013-14 winter (NRMSE). Because records with a significant linear trend, possibly induced by longshore transport processes or other net source/sinks of sediments, sometimes show high model skill solely attributable to the linear trend component in the model, the model skill was also assessed using the Brier skill score (BSS), which allows comparison of the model residuals with a suitable baseline (x b ), taken here as the linear trend component of the model. The BSS is computed as follows:
A positive BSS indicates an improvement relative to the baseline, and values greater than 0.0, 0.3, 0.6 and 0.8 are typically described as 'poor', 'fair', 'good' and 'excellent', respectively (van Rijn et al., 2003; Sutherland et al., 2004) . Note that this modelling approach does not resolve long-shore transport processes and is thus expected to show poor skill when applied to environments dominated by long-shore transport.
Results
Modelled wave conditions
The wave conditions simulated with the regional model over the period 2002-2017 for the northwest of Ireland, the Bay of Biscay, and west of Portugal are shown in Figure 1 . A clear seasonal signal characterizes the three time series, with winter mean H s much larger than spring-summer-autumn-mean H s (56% greater on average, and up to 120% greater locally). Moreover, the winter mean values display strong inter-annual variability ( =H s = 0.12 on average, where is the standard deviation and H s is the long-term mean H s ), whereas the spring-summer-autumn mean values display much lower inter-annual variability ( =H s = 0.06). The consequence of these fluctuations is that, contrary to spring-summer-autumn means, the winter-mean H s may differ significantly from one year to another. For instance, the largest winter mean H s in the Bay of Biscay and west of Portugal occurred during the 2013-14 winter, and they were approximately 35% greater than the long-term mean winter H s . During the following winter, wave conditions were moderate in the Bay of Biscay and west of Portugal, but obtained their maximum north of Ireland. These trends were inverted during the 2015-16 winter as the winter mean H s was very large in the Bay of Biscay and west of Portugal, but moderate north of Ireland. The most recent 2016-17 winter was moderate in all three regions. This inter-annual variability of winter mean H s was shown to be significantly correlated with the WEPA index southward of 52°N (Castelle et al., 2017b) and with the NAO index further north (Bacon and Carter, 1993; Dodet et al., 2010; Bromirski and Cayan, 2015) . This dependence on NAO and WEPA indices is confirmed by our results, with the highest (respectively lowest) NAO during the 2014-15 (respectively 2009-10) winter correlating with the maximum (respectively minimum) H s north of Ireland for this winter, and the two highest WEPA during the 2013-14 and 2015-16 winters correlating with the maximum H s in the Bay of Biscay and west of Portugal for these winters. Correlation coefficients between the winter mean H s and the NAO and WEPA indices are shown in Figure 1. Beach recovery from the 2013-14 winter Figure 2 shows the complete time series of beach volume changes for the six beach profiles (left-hand column), and the relative contributions of the long-term trend, seasonal signal, 2013-14 winter response and post-2013-14 winter recovery (right-hand column). Contrasting behaviours are observed. First, the most exposed sites -Perranporth and Truc Vertsuffered unprecedented erosion during the 2013-14 winter. Yet, after 2 years, Truc Vert had fully recovered, whereas Perranporth had only recovered 70% after 4 years. The major difference in these recovery rates occurred during the year 2015. From early February to mid-December 2015, the beach volumes at Truc Vert increased steadily and the beach recovered more than 80% of the sediments lost during the 2013-14 winter within a span of 10 months (for details see Castelle et al., 2017a) . At Perranporth, the beach was in a recovery phase for a shorter period of time -from late March to November 2015 -regaining only 40% of the sediments lost during the 2013-14 winter. This contrasting response can be directly related to the difference in wave conditions in January, March, November and December 2015 that were particularly stormy at Perranporth (H s was 60% higher than the annual mean at Perranporth and only 30% higher at Truc Vert). Porsmilin was also in its most eroded state after the 2013-14 winter, but after 2 years the beach had recovered by almost 80%. This fast recovery was fostered by the relatively calm wave conditions during the 2014-15 winter that did not cause much erosion at this sheltered site. The beach volumes at Vougot are dominated by a decreasing long-term trend. Although the coastal dune retreated by more than 5 m during the 2013-14 winter, the sediment remained in the intertidal zone and the beach volume actually increased slightly. After 4 years, the dune had prograded back by approximately 3 m. At Slapton Sands, the central (SP10) and east (SP18) profiles showed opposite behaviours as a result of beach rotation processes. An additional factor that could explain the difference in recovery rates is the difference in tidal range. Large tidal range causes a shorter time period during which sediment transport can contribute to accretion within the upper intertidal profile and subsequently longer morphological response times. However, no clear conclusion on this process was drawn from our dataset, since both slow (Perranporth) and fast (Porsmilin) responses were observed on these macrotidal beaches.
To investigate the relationship between beach dynamics and incident wave conditions, the rates of beach volume changes (dV =dt) during the winter season and during the spring-summer-autumn season are compared to the respective seasonal wave energy anomalies, i.e. the deviation of the season mean wave energy from the long-term annual mean wave energy E (Figure 3) . Overall, dV =dt displays much greater variability during the winter season than during the rest of the year. At Perranporth, Pormsilin and Truc Vert, the winter mean variability of dV =dt is clearly controlled by the wave conditions (0.58 < R 2 < 0.65). The near-zero intercept of the linear trends indicates that the beach profile is close to equilibrium when the winter mean E is close to the long-term yearly mean E. Although winter wave conditions are associated mostly with erosive conditions, low winter mean E can cause beach accretion. For instance, during the 2009-10 winter, the wave conditions were particularly calm north of 50°N, due to a very low NAO and a modest WEPA, and the sand volume at Perranporth increased by 26 m 3 m 1 . For the spring-summer-autumn season, correlations between dV =dt and wave energy anomalies are much lower and mostly insignificant at the 95% level. One reason is that dV =dt cannot progressively increase when E tends towards zero; very-low-energy waves contribute less to onshore sediment transport than low-to moderate-energy waves, hence limiting recovery (Hoefel and Elgar, 2003; Fernández-Mora et al., 2015) . At Slapton Sands profiles SP10 and SP18, the winter mean dV =dt is also strongly controlled by the wave conditions; however, the correlations have opposite signs as a result of beach rotation. Wiggins et al. (2017) showed very high correlations between beach volume changes and the directional wave power at Slapton Sands, and the insignificant correlations for the spring-summer-autumn season are probably G. DODET ET AL. because the beach changes were mostly controlled by the wave direction and not by the wave energy. At Vougot, there is no correlation between dV =dt and the wave conditions. Indeed, the behaviour of the beach-dune system is severely impacted by the presence of a jetty at the northeastern end of the beach. Since its construction in 1974 the beach has continually lost sediment, independent of the wave conditions (Suanez et al., 2010) . Finally, the beach volume changes were compared with the results of the beach equilibrium model ShoreFor (Davidson et al., 2013) to assess the amount of variance attributable to cross-shore sediment transport and to antecedent wave conditions. The analysis described in the previous paragraph treats each year independently, while ShoreFor accounts for antecedent wave conditions. It is therefore expected to explain more of the variability in the beach volume at the cross-shore-dominated beaches through the disequilibrium term than a simple model based on a linear correlation between dV =dt and the mean wave height. Figure 4 shows the observed versus simulated beach volume changes using the ShoreFor model, as well as the error metrics RMSE, NRMSE, R, and BSS. Inspection of this figure reveals that Perranporth and Truc Vert have low NRMSE (<5%) and 'excellent' BSS, indicating that ShoreFor is able to reproduce fairly well the storm response and subsequent recovery, and this variance is mostly induced by cross-shore processes. With an NRMSE < 15% and a 'fair' BSS, ShoreFor results are moderate, and beach volume changes at Porsmilin can also be considered as dominated by cross-shore processes. Conversely, the negative BSS scores at Slapton SP18 and Vougot indicate that the model performs worse than predictions based on the long-term trend only. At Slapton SP10, both R and BSS are relatively high; however, the very large NRMSE (270.4%) reveals that some significant processes are ignored by the model. Hence different modelling approaches must be applied at Vougot and Slapton Sands to simulate volume changes, including extreme storm response and post-storm recovery.
Discussion and Conclusions
The analysis of decadal morphological changes of beaches along the Atlantic coast of Europe exposed to a pronounced seasonal wave climate revealed that the dynamics of beaches are controlled by processes operating over a variety of timescales. In decreasing order, these timescales are: long-term trends (decade), post-storm recovery (years), seasonal changes (months) and storm response (days). Total beach dynamics represent the sum of these components, and for different beaches the relative contribution of each of these components varies significantly, making beach volume predictions challenging and site specific. Moreover, beach recovery is conventionally thought to be a process that occurs during the calm summer months. However, although beaches do recover during the spring-summer-autumn period at modest and relatively steady rates (not much inter-annual variability), it is the energetic winter conditions that primarily control the time it takes for beaches to recover from extreme erosion. Highly energetic winters stall or even reverse the recovery process, whereas calm winters continue the recovery process. Therefore, climate indices such as NAO and WEPA, which are known to explain a significant part of the inter-annual variability of winter wave conditions in the Northeast Atlantic (Dodet et al., 2010; Castelle et al., 2017b) , are well correlated with the recovery process. For instance, the most exposed sitesPerranporth and Truc Vert -required calm winter conditions to recover from the 2013-14 winter erosion, which correspond to negative values of WEPA. This was the case for the 2014-15 and 2016-17 winters (Figure 1) , during which these beaches showed relatively small rates of volume changes (Figure 3) . The recovery of these beaches could have been accelerated if the 2015-16 winter, which was characterized by a high WEPA value, had not caused severe erosion and slowed down the recovery process (Figure 3) . At Slapton Sands, easterlies have been shown to foster beach recovery following storm erosion by (southwesterly) Atlantic storms, and these are promoted in this region by negative NAO values (Wiggins et al., 2017) . The systematic positive NAO winters that followed (post-2013-14 winter) , and include the root mean square error (RMSE), the root mean square error normalized by the observed variance (NRMSE), the correlation coefficient (R) and the Brier skill score (BSS), with the long-term trend (dash black line) used as the baseline. Note that the calibration period at Perranporth (PP) does not include the four initial measurements, because their low sampling frequency induced error in the model calibration.
[Colour figure can be viewed at wileyonlinelibrary.com] the 2013-14 winter, and the prevailing southwesterly wave conditions, limited beach recovery at this site.
Predicting long-term beach morphological change is of great importance to coastal managers. While process-based morphodynamic modelling systems are valuable tools to simulate the morphological impact of single storm events (e.g. McCall et al., 2010; Almeida et al., 2017) , their computational cost prevents their application to multi-annual or even inter-annual morphological changes. In contrast, beach equilibrium models are computationaly cheap and can be applied to investigating long-term morphological changes (e.g. Yates et al., 2011; Splinter et al., 2014) . For cross-shore transport-dominated sites, the ShoreFor model calibrated with topographic data prior to the 2013-14 winter and forced with nearshore wave conditions simulated with a high-resolution model showed significant skill in reproducing the strong erosion caused by the extreme 2013-14 winter and the recovery phase that followed at Truc Vert and Perranporth. Not surprisingly, ShoreFor shows poor skill at sites where longshore processes and resulting beach rotation signal dominate shoreline variability, i.e. at Vougot and Slapton. At Porsmilin, due to the low elevation of the artificial embankments at the top of the upper beach, a significant fraction of the sediment lost during the 2013-14 winter was deposited further inland during washover events. We believe this may explain why the model failed in reproducing accurately the volume changes during and after the winter. Semi-empirical models combining the equilibrium-based behaviour owing to variability in incident wave energy with longshore processes are scarce and still under development (Vitousek et al., 2017; Robinet et al., 2018) . Although beyond the scope of this study, the further development of these models will extend the domain of applicability of shoreline change models, making it possible to address coastal vulnerability and resilience in the context of climate change. Mentaschi et al. (2017) analysed projection of extreme wave energy fluxes under a high-emission scenario (Representative Concentration Pathways 8.5) and showed a significant increase in the 100-year return level of wave 400 G. DODET ET AL. energy fluxes for the Southern Hemisphere and for some regions of the Northern Hemisphere. It is very likely that such changes in the wave climate will significantly impact beach morphodynamics at both event scales (storm response) and long-term scales (post-storm recovery), which will require accurate predictions for implementing coastal adaptation strategies.
